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The performance of steel bars deteriorates under chloride corrosiornthilisisssential to study the
corrosion mechanism of different steel bars to better understand the corrosion of steel bars in concret
structuresin this study, electrochemical techniques and scanning electron microscopy are used to study
different steel bars in a simulated concrete pore solution after different numbers of days. The findings
suggest that each sampl ed e ar€ naddus, andl dispersios ipavametgy o t
decrease as the corrosion rate increases. When corrosion begins, the passive film remains unchange
and one time constant is observed. Then, when the passive film is destroyed, two time constants appea
The pits exhbit a stepped structure with a discrete diameter and penetrate to the bottom of the passive
layer. Asthe corrosion proceedshepi t s begin to overl ap. The st
increases and then decreadédsese results describe both #neerage characteristics and the details of
thecorrosion, providing theoretical guidance for choosing steel bars and monitoring corrosion.
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1. INTRODUCTION

Reinforcedconcrete is employed in a variety of structures. According to previous research, one
of the main factors affecting the durability of reinforced concrete is the corrostbe stkel barg1].
When concrete struates are exposed to a high chloride content, such as in saline lakes and salinized
soil areaschloride ions can penetrate into the hardened concrete. Many studies have shown that chloride
ion contents exceedirgthreshold will destroy passive figand lead to corrosiof2-5]. However, the
depassivation mechanism of chloride ions is stll clearly understoofb, 7].

The mechanism of corrosion has previously been stu8jedpitting nucleation usually begins
at active corrosion sites and induces metastable micropittmggowth of the micropits continues or
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ceases deperdy on the local corrosion environment, the occurrence of repassivation, and the
competition between micropits.

Alternating current (AC) and direct current (DC) methods are effective means for studying steel
bar corrosior9, 10]. Wang used these methods to evaluate the corrosion resistance of steel bars in a

selfimmunity system based on increasitte OH content[11]. Joiret observed that the sample
spectrum of a passive film showed the presence of two time confitahtslowever, thee methods
also have some shortcominigghat theyonly detect thegerage state of sample corrosion. Corrosion is
a random and complex process, andhiis cannot be simply described by AC and DC methods.
Therefore, many researchém@veuseal scanning electron microscopy (SEM) to observe the morphology
as a supplement telectrochemical method4.3-20]. However, most of the results using SEM are
qualitative, with limited quantitative informatioklandelbrot proposed fractal theorytive 2" century
[21, 22] and fractal theory has proven to be a good tool for describing a complex process such as
corrosion[23, 24] After Costa utilized fractal theory to study the pitting geofif 316L stainless steel,
it has been widely used in the evaluation of corrosion morphg&gy Corrosion morphology is an
important basis for judging various types of corrosion, evaluating corrosion levels, and studying
corrosion laws and characteristij&b].

An experiment was carried out in a mixed solution of 5% NaCl, cemen€afH),. AC/DC

methods and SEM were comprehensively utilized. Moreover, fractal theory was applied to the SEM
imagesThe behaviors ahesteel bar corrosion were studied, and pure\wvas use@s a control group.

This research provides essential insight irite évolution mechanisms of steel bars under chloride
corrosion. In addition, these methodologies provide theoretical guidance for choosing steel bars and
monitoring corrosion.

2. EXPERIMENTAL

2.1. Sample preparation

Nine cylindrical steel samples with a diameter of 10 mm and a length of 6 mnprepsred
from pure iron (DT4) and two types of steel bars (HPB300 and HRB500). The composition of each
sample is shown ifable 1 Each crossectional surface was polisherlgrade 1500 as the exposure
surface and degreased in acetdreen, the samples were derusted in oxalic acid, washed with distilled
water, and cleaned in an ultrasonic bath. The resulting surface was sealed with epoxy resin, and a coppt
wire was solderetbr testing.

Table 1.Compositional analysis of major elements in the pure iron (DT4) and steel bars (HPB300 and
HRB500) used in this research (mass fraction, %)

Type C Si Mn S P Cr Ni Mo V Cu
DT4 0.0072 0.018 0.116 0.0050 0.012 0.010 0.0058 0.0052 0.0005 0.0027
HPB300 0.198 0.092 0.619 0.014 0.024 / / / / /

HRB500 0.232 0.432 1.30 0.011 0.019 0.022 0.0082 0.0029 0.027 0.031
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2.2. Solution preparations

All chemical reagents in this experiment were of analytical grade. The samples were immersed
in a saturatedCa(OH), solution for 3 d before the experimemis &cording to a previous study, a

relatively stable passive film forms after 3 d of immerd@®]. The solutions used in the drying and
watering cycles and the electrochemicald@gere obtained by dissolving 20 g of 42.5R Portland cement
(the oxide composition of the cement is showiiable 2) in 2 L of 5% Nacl and a saturate@a(OH),

solution.

Table 2.0xide composition of cement (Yow/w)

Oxi CaO SIO, AQO, F6Q Ot hlgni ti
% w/59.22. 4.¢ 3.16.: 4. 0

2.3.Experimental system and instruments

All electrochemical tests were performed in a theltrode system in a Faraday box. The
working electrodes werthe pure iron and steel bars. The counter electrode was a platinum electrode
with an area of 10 mmx10 mrand he reference electrode was a saturated calomel electrode. Before
the test began, the samples were immersed in the solution for half an hour to ensure thatdineudpen
potentials (OCPs) were stabjg7]. All electrochemical tests were performed using an Autolab
PGSTAT302N

2.4. Polarization measurement

The OCPs were recorddakfore the polarization measurements begard & polarization
measurements were related to the OCP. The sample reached a relatively stable condition after immersio
in the testing solution for 30inmutes. Tha, scamingbegann therangefrom-0.2 V to 0.1 V relative to
the OCPat ascan ratef approximately 02 V/s.Tafel extrapolatiorandthe Butler-Volmer equation
wereused toobtaini,,, , E, ,0, andh..

a

2.5. Electrochemical impedance spectroscfiy)

Electrochemical impedance spectroscopy (EIS) was carried out at the OCP with an amplitude of
20 mV and a sweep frequency of 100 kHz to 10 mHz.

2.6. Analysis and fractal characteristics of the SEM images

The morphology of the samples was observed by a KMW3200 scanning electron
microscope. The fractal dimensions of the grayscale SEM images were calculated byc¢hariimyg
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algorithm. The boxcounting dimension of a compact setin R" is defined as fdbws. R can be
divided intoe-cubes by a grid based on, for example, points whose coordinatésraigiples of
integers. LetN(€) be the number of boxes that intersictif the upper boxcounting dimension is
equal to the lower dimension, thgz8]

. _.._logN(e)
boxdlm@)—!!rg—_ ) (2)
The scaling in this case is
N(e)° & ®3)

The boxcounting algorithm waapplied inimageJ.

3. RESULTS AND DISCUSSION

3.1. Polarization measurement
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Figure 1.a) Polarization curves of different samples on day 0; b), c), d) polarization curves of samples
DT4, HPB300 and HRB504t differentimmersion time.

Fig. 1 a) shows the polarization curves of the samples in the test solution on day 0. Each curve
containsa cathodic and an anodic polarization branch, commonly used for material electrochemical
characteristic recognition. A rapid increase in current is observed in the weakly polarized area. This
increase indicates that the anode process is initially coedrddly activation29]. In addition, the
cathodic reaction shows concentration controthsstrongly polarized region (also known as the Tafel
region), the cure is quite flat, which indicates that the corrosion mechanism of the sample does not
change. The anodic polarization currents show the corrosion resistance of the steel bars. HRB500 an
HPB300 are susceptible to corrosietRB500 is more susceptible thBiPB300 in the beginningrigs.
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1 b), ¢), and d) show the polarization curves of each sample in the test solution on different days. For
each sample, the increase in the anodic polarization current was obvious in the beginning. After 7 d, the
increase in th anode current slowed abdgan tdluctuate,andthe OCP values fluctuated around the

7-d OCP.
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The free corrosion potential measured ithe absece of a net electrical current that flowsoto
from a metal's surface. The corroding metal has a potential that is expreEsgd aad this parameter

is a thermodynamic indicator. The lower the corrosion potential is, the greater the tendency for corrosion.
Fig. 2 a) shows the average free corrosion potentials of DT4, HPB300, and HRB500 in MeeC$%
saturatedCa(OH), and cemensolutions.Asthet i me pr ogr essed, each sam

showed a significant downhyaflucduatedwithind certadnfrangerFor7 d

the different samples, at the beginning, the potentials were close to each other. AfteT3Gdp®ed
the largest corrosion resistance. The resistance of HRB500 was stronger than that of HPB300, whict
may be due to the presence of ailhmyelements, such asm Si, and Cr. Although HRB500 contains
more carbon than the other samples, the cont#r¥n, Si, and Cr are also higher. According to the
literature[30, 31] elements such as P, Si, Cr, Cu, Co, and Ni can improve the corrosion resistance of
steel Therefore, HRB500 exhibisstrongercorrosion resistance.

The corrosion rate is the speed at which a metal in a specific environment deteriorates. It can be
defined as the amount of corrosion loss per year in terms of thickness, which can be determined by the

following formula:

d=Y g8 100 M @)
r nr

In this experiment, M=56, n=2, and=7.8 g/cm2, wherd,,, is the current density:(chz).
Fig. 2b) shows the average corrosion rates of DT4, HPB300, and HRB500 in the test solutions.
All corrosion rates were greater than 0.01 mm/year at the beginning of the tesfofidiethe 5%

chloride ion concentration is highly corrosive to the steel bars and pure iron. As the test time progressed
the corrosion rates of the samples increased significafntlg. error bars at the beginning of the
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experiment were smaller than tledater in the experiment, which indicatbat corrosion is a random

and complex process. Among the different samples, in the beginning, HPB300 and HRB500 exhibited
much higher corrosion rates than DT4. The corrosion resistance of HPB300 and HRiBES@/éaker

than that of DT4. By the 16th day, the corrosion rate of HPB300 exceeded that of HRB500, which
showed that HPB308 more prone to corrosion. This result is consistent with the free corrosion potential
results.

3. 2. El ectrochhepmictalbscopgdd ikt &)
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Figume¢ 3Byquist plots of the samples on day O0;

on different days.
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and capacitance of the passi VEPE2 | ims osult Qftei tsatn
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3.3. Analysis of the SEM i mages
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3 . HFractal characteristics of the SEM images

The fractal dimension was correlated with the magnification powke&EM imagesA higher
magnification power resulted in a lower fractal dimension. From the data from the HRB500 SEM images
of 22 d and 30 d, an exponential relationship can be observed. Thus, the logarithrno€ thata
magnification power were used to fit thadtal dimension, as shown in Fig. 6. The reason for this is that
the difference in similarity is hierarchica\ previous study found similar result38]. Thereforeto
make the fractal dimensions of the samplespamable, the same magnification must be selected.

Grayscale images at a magnification power of 500 were used to calculate the fractal dimensions
in this paperAn SEM image Fig. 8) shows themorphology of the DT4 and HPB300 surfaces at a
magnification power of 500. The samples appear differeatesult ofthedifferent corrosion durations
and compositions.
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